In heavy timber structures, double-shear connections, including wood-wood-wood (WWW), wood-steelwood (WSW) and steel-wood-steel (SWS) connections with either bolts or dowels as fasteners, are widely used to assembly structural members and transfer loads. However, connections with metal fasteners and components are potentially venerable links in fire exposure. A number of efforts have been devoted to study the fire performance of timber connections in the last two decades. With the knowledge and experimental data generated, new attempts have been made in order to develop new calculation methods and improve design rules for timber connections in fire. In this paper, existing models are discussed and new correlations are presented for the calculation of the fire resistances of double-shear timber connections. Various factors, i.e. timber thickness, fastener diameter, and load ratio are considered in the correlations. Comparison between the predictions using the correlations and the measured results in fire resistance tests shows good agreement. For timber connections with protective membranes, the component additive method (CAM) can be used by adding the additive fire resistances of the protective membranes to the fire resistances of unprotected timber connections. Connections with concealed fasteners and intumescent paint are also discussed in this paper.
NOMENCLATURE LISTING

INTRODUCTION
Timber structures tend to fall into two distinct categories: light framing timber constructions and heavy timber structures. Heavy timber structures are those which use large size sawn timber, glue-laminated timber or other wood composite products as principal structural elements such as beams, columns, decks or truss members. In heavy timber structures, bolts, dowels and steel plates are popular connectors since they are able to carry heavy loads. Figure 1 shows different types of double-shear timber connections.
Heavy timbers are recognized as having good fire resistance even if they are exposed to fire directly. This is because the charred layer on the exposed surface acts as a thermal barrier for the solid wood below, preventing the attack of flame and blocking oxygen penetration. However, timber connections are recognized as the weakest link in a timber construction in fire and they normally govern the fire performance of the timber construction. This is because metal fasteners and components, which are normally used in timber connections, heat up quickly and lose their stiffness and strength at high temperatures. They also transfer heat into the interior of wood members and cause wood to char faster because of the high conductivity of metal. Therefore, the capacity of timber connections with metal fasteners can be reduced to a great extent. The analysis of the fire performance of timber connections is very complicated because there are various connection types, different geometries and fastener arrangements, and also because of the great variability of the properties of wood and char at elevated temperatures.
(a) (b) (c) Prior to the 1990s, knowledge of the fire performance of timber connections was limited [1] . In the last two decades, this area has received a great deal of attention. A number of experimental research efforts have been devoted to study the fire resistance of timber connections under standard fire exposures. The fire resistance test results from France [2] [3] [4] [5] , New Zealand [6] [7] [8] and recently from Canada [9] have provided a certain amount of knowledge and experimental background on the fire performance of WWW, WSW and SWS connections using either bolts or dowels as fasteners. The exposure conditions were either ISO 834 [10] or ASTM E119 [11] .
In Canada, the structure of most buildings permitted to be of combustible construction must have either a 45 min or 1 h fire resistance rating [12] . However, neither the National Building Code of Canada (NBCC) [12] nor any other Canadian document provides detailed information on the estimation of the fire resistance for different connection types and geometries [13] . In US, TR 10 assumes that the protection of wood panels, fire-rated gypsum boards or coatings can provide the entire 1 h fire resistance rating, but does not take into account the inherent fire resistance of the connection itself [14] . In Europe, a simple empirical approach, called as the reduced load method, is available but very limited since it is based on a limited number of fire tests and only one parameter is included in the method [15] .
Analytical and numerical models were carried out to evaluate the fire resistance of timber connections [8, 9, [16] [17] [18] . However, these models require accurate time-dependent temperature profiles in the connections and a sophisticated heat transfer analysis is required. In addition, to calculate the strength of the connections in fire, integration of the non-linear strength along the fasteners (due to temperature gradient) is also required. The calculation process is complicated and time consuming.
For design purposes, it is of great importance to develop new simple, yet accurate methods to calculate the fire resistance of timber connections. The variabilities of connection type, fastener type, load ratio, and wood member and fastener dimension must be considered in the methods.
This paper firstly presents an overview of the available models. Then, new correlations are introduced and used to predict the fire resistances of unprotected WWW, WSW and SWS connections. The comparison between the predictions using the correlations and the test data shows good agreement. The additive method is also adopted to calculate the fire resistance ratings for protected timber connections.
EXISTING MODELS
There are a number of existing models that have been developed to determine the fire resistance of timber connections. This includes empirical rules in Eurocode 5 [15] , analytical models, embedment reduction methods [8, 9, 17] , component models [16] , and thermo-mechanical numerical models [18] .
Eurocode 5 Method
In Eurocode 5 -Part 2 [15] , simplified rules are adopted for unprotected connections. The code states that connections satisfying Eurocode 5 -Part 1 for normal temperature will have a fire resistance of either 15 min (nails, screws, bolts) or 20 min (dowels).
Alternatively, a calculation model called the reduced load method is adopted in Eurocode 5. This simplified model is a one-parameter exponential relationship between the fire resistance time and the load carrying capacity, given as:
k is the connection parameter for different type of connections given in Eurocode 5. The reduced load model is based on a limited number of fire resistance test results for nailed timber connections (Noren [19] ) and bolted or doweled timber connections (Dhima [3] ). As reported by Konig [20] , the reduced load model could be correct for some cases but conservative when thick side members of timber are used.
For greater fire resistance, member sizes should be increased with an additional thickness, but the proposed equation for calculating the additional thickness in Eurocode 5 is limited to a fire resistance rating not more than 30 min.
Embedment Reduction Model
The embedment reduction model was initially proposed by Noren [19] to predict the fire resistance of nailed timber connections. The model is based on Johansen's yield model [21] by replacing constant embedding strengths at normal temperature with reduced values at high temperatures. Later on, this model was adopted by researchers [8, 9, 17] to investigate the fire resistance of timber-to-timber connections and timber-to-steel connections with bolts and dowels.
Moss used the embedment reduction model [8] to calculate the fire resistance of bolted timber connections. Moss' research was based on Lau and Chuo's experimental research work [6, 7] . The connection strength obtained in heating tests at elevated temperatures was substituted back to Johansen's yield equations to determine the embedding strength as a function of temperature, and then this temperature-based embedding strength was used to calculate the strength of the connection in fire exposure.
However, different approaches were used by Noren and Moss in the embedment reduction method. In Noren's approach, the temperatures at 0.5d away from the fastener/wood interface (where d is the fastener diameter) were used to calculate the embedding strength, and the embedding strength decreased rapidly as the temperature increased. Noren also commented that the moisture effect in the wood was considered in the relationship of the embedding strength vs. the temperature, since the moisture movement and accumulation driven by the heat have impact on the strength. While in Moss' approach, the temperatures at the fastener/wood interface were used to determine the embedding strength, and the embedding strength at elevated temperatures was determined based on pre-heating tests without considering the moisture effect.
To overcome the result that a connection could not carry any load when the interface temperature reaches over 300 °C, Moss assumed that wood had a residual embedding strength, approximately 20% of the ambient embedding strength above 270 °C. Fig. 2 shows the relationships between the embedding strength and the temperature, used by Noren and Moss, respectively. These two approaches have been compared using the test results of bolted WSW and SWS connections, which were recently carried out in Canada [9] . It was found that Noren's approach seemed to give a more accurate prediction than Moss' approach. In particular, Moss' approach tended to yield a flat curve for a longer exposure time at lower load ratios, because of the assumption of a residual embedding strength at high temperatures. Furthermore, Noren's approach was also adopted by Erchinger [17] to predict the fire resistance rating of timber connections with multiple shear steel-to-wood doweled connections and a mean temperature within the range of 3.5d away from the fastener was used to determine embedding strength.
Component Model
The component model was developed by Cachim [16] to estimate the fire resistance for doweled timber connections. The model treated a connection as an assembly of individual components: the timber component and the steel dowel component, with their own stiffnesses and strengths. The connection was modeled by discretizing the dowel as a series of beam elements, connected with springs representing the timber behaviour. The component model was firstly verified at room temperature and then used for timber connections at elevated temperatures. The temperature profile within the connection was calculated by carrying out a numerical thermal analysis, using a finite element program.
Besides the empirical models and the analytical models as discussed above, numerical modelling has also been employed to study the fire performance of timber connections. In fact, the finite element approach was used to generate temperature profiles for the structural analytical models [8, 9, 16, 17] . In addition, the finite element approach was also used to conduct the thermo-mechanical coupled numerical simulation of timber connections [18] . Although the analytical models and numerical simulations could be used to assess the fire resistance of timber connections, they are based on the 3-D heat transfer analysis and the integration of the strength in each element. That process is very complex for design purposes. Therefore, developing new simple yet accurate calculation methods is also of great importance.
NEW CORRELATIONS
There is a need for simplified calculation methods, involving the variability of connection types, load ratios, and connection and fastener dimensions, be developed to assess the fire resistance of timber connections.
In this paper, the simplified empirical methods proposed by the authors to estimate fire resistances of WWW, WSW and SWS timber connections using either bolts or dowels as fasteners are presented. The calculation methods are developed using data generated from fire experiments in the literature [3] [4] [5] [6] [7] 9] , combined with data obtained from numerical modelling. The modeled results were calculated using the embedment reduction model discussed before (details presented in the literature [9] ).
WWW and WSW Connections
WWW connections and WSW connections are discussed together because they act similarly under fire exposure. For WWW and WSW connections, the central member, either the steel plate or wood member, is protected by the side wood members from direct fire exposure. The performance of the side wood members in fire dominates the failure of the connection rather than the central member. In this matter, similar calculation methods are proposed for WSW and WWW connections with either bolts or dowels as fasteners.
For a given WWW or WSW connection, the fire resistance is assumed to be expressed by the following function:
Define non-dimensional factors:
to represent the failure time, the load ratio and the fastener diameter, respectively. Since the side member thickness t 1 has been incorporated into t* and d* term, Eq. 2 can be rewritten in a dimensionless form as:
A power law equation is proposed:
M and N are connection factors, representing the influence of load ratio (η) and non-dimensional bolt diameter (d*) on the fire performance of timber connections. The larger the M and N, the more the influence of the load ratio (η) and the non-dimensional bolt diameter (d*).
Rewriting Eq. .4. in a linear relationship by taking its logarithm, gives:
where M and N can be determined from the fire resistance test data using a best-fitting by the method of least-squares. Since different types of connections may have different values of M and N, four pairs of M and N need to be determined individually for WWW and WSW connections with both bolts and dowels, respectively.
The data used to determine M and N are obtained from the literature [3] [4] [5] [6] [7] 9] , including 60 tested and three modeled specimens in total. In the database, the side wood thickness ranges from 45 mm to 84 mm for WWW connections, the side wood thickness ranges from 38 mm to 100 mm for WSW connections, the fastener diameter ranges from 12 mm to 20 mm and the load ratio varies from 10% to 60%.
The charring rate β, is approximated as 0.7 mm/min for WWW connections and 0.8 mm/min for WSW connections based on the results of fire tests. In order to take into account the nonlinear charring rate as a function of time, slightly smaller values are used as 0.65 mm/min for WWW connections and as 0.7 mm/min for WSW connections, if the fire exposure time is over one hour. The correlation details can be seen in [9] . Table 1 are found to be a little different in comparison to the values presented in a preliminary analysis [22] . This is due to the fact that new test results have been added to the database and new analyses have been conducted.
Rearranging Eq. 5 to its dimensional form yields the following equation that estimates the fire resistance time of a WWW or WSW connection using either bolts or dowels as fasteners: [3, 4] . However, for bolted timber connections, fastener diameter is an important factor and its effect can not be ignored.
The predicted results using the equation are plotted in Fig. 3 , compared to the tested (or modeled) results. Modeled results mean that the results are obtained using the embedment reduction model [9] . It can be seen that the predicted times are mostly within a ± 15% envelope. The symbols tend to scatter almost equally on the both sides of the 45˚ reference line.
Although the proposed Eq. 6 is able to predict the fire resistances of WWW and WSW connections, for design purposes, it would be more appreciated if the predicted values are on the conservative side (or underestimated) with a possibility of at least 95%. It is found that if one shifts the predictions downward by 4.0 min, the symbols would scatter underneath the new reference line with a probability of 95%, as shown in Fig. 4 . The 4.5 (min) is determined as the 95 th percentile value for a normal distribution of the predictions about the reference line in Fig. 3 . Therefore, a modification or a safety factor is applied to Eq. 6 and it gives a new equation:
It has to be emphasized that, though the new Eq. 7 does not actually predict the 5 th percentile value of the fire resistance rating, it is an attempt to adjust predictions in such away to become more conservative when compared with the available tests (or modeled) data, with a probability of 95%. 
SWS Connections
From the experimental test results [9] , the wood member thickness and load ratio played important roles on the fire resistance of a SWS connection. Therefore, a simple equation can be developed by taking into account the effect of wood member thickness and load ratio.
If one plots the failure time (t f ) against the load ratio ( ln( )   ), it is interesting to see that those data can be fitted into linear curves with different slopes depending on the thickness of wood members (t 2 ), see Ref. [9] for details. Further, it is found that the slope of these linear curves is proportional to the wood thickness.
Therefore, if the failure time is plotted as a function of   2 ln( )   t , all the data fit into a linear curve. A simple calculation formula is then proposed to predict the fire resistance of SWS connections:
The slope -0.0785 is found by linear regression [9] . The data for regression analysis are obtained from the literature [6, 7, 9] , in total including 7 tested and 15 modeled specimens. In the database, the wood thickness ranges from 63 mm to 175 mm, the fastener diameter ranges from 12 mm to 20 mm and the load ratio varies from 10% to 30%. Figure 5 shows the predictions using Eq. 8 versus the tested or modeled fire resistances. Again, modeled results mean that the results are obtained using the embedment reduction model [9] . It can be seen that the predicted fire resistances using Eq. 8 were mostly within the ± 10% envelope.
Similar to WWW and WSW connections, it would be more useful if a modification or safety factor can be introduced to Eq. 8 to ensure that the predications are on the conservative side for design purposes. By shifting the predications downward by 2.0 min, the predicted values scatter underneath the reference line with a probability of 95%, as shown in Fig. 6 . The 2.0 (min) is determined as the 95 th percentile value for a normal distribution of the predictions about the reference line in Fig. 5 . Comparison between measured or modeled fire resistances and predicted fire resistances using Eq. 8. Fig. 6 . Comparison between measured or modeled fire resistances and predicted fire resistances using Eq. 9.
PROTECTED CONNECTIONS Protective Membrane
For structural wood members, gypsum boards and plywood panels are two common types of membrane used for fire resistance protection.
The fire resistance tests [9] show that for a single layer of 15.9 mm thick Type X gypsum board, the improved fire resistance is about 33 min. This value is very close to the average value (33 min) for solid wood beams protected with the same protective membrane reported by White [23] . In addition, the 140/180 °C finish rating [24] and the time to reach a temperature of 300 °C behind the 15.9 mm Type X gypsum board were also found to be close to the values reported by White (2009) for solid protected timber beams.
Similar to gypsum board, the fire resistance tests [9] show the improvement for a double-layer of 12.7 mm thick plywood panels to a timber connection (15 min) was found to be close to White's result (15 min), as well as the 140/180 °C finish rating and the time to reach a temperature of 300 °C [23] .
Therefore, the additive method, used by White to assess the fire resistances of wood beams with protective membranes, can be used to estimate the fire resistances of protected timber connections, as shown in Eq. 10:
where t a is the time assigned to different types of protective membranes (i.e. 30 min for a single-layer of 15.9 mm Type X gypsum board, and 15 min for a double-layer of 12.7 mm plywood panels), and t f is the fire resistance of unprotected timber connections, which can be calculated using Eq. 7 for WWW and WSW connections or Eq. 9 for SWS connections.
It is interesting to see from Eq. 10 that a connection protected with a layer of 15.9 mm Type X gypsum board has a fire resistance less than 1 h, if t f itself is less than 30 min. However, for the same connection, using the TR 10 requirement would result in an overestimated fire resistance, which is 1 h.
Concealed Fasteners
Although timber connections with concealed fasteners have not received necessary study, it is worth discussing the effect of this type of protection on the fire resistances for WWW or WSW connections, based on the knowledge and information generated in the research [9] . Figure 7 shows a WSW connection with a concealed bolt or dowel as an example. Wood plugs are used to cover the holes. The original thickness of the wood side member is t 1 +a, but the effective bearing thickness is t 1 . A concealed timber connection can be recognized as an equivalent timber connection with the wood side member thickness of t 1 , protected with additional wood with a thickness of a.
Generally, timber connections with concealed fasteners have the advantages that they have no metal directly exposed to fire, and also have a nice appearance. It is assumed that the additive method used for timber connections with protective membranes can be used to calculate the fire resistance of WWW and WSW connections with concealed fasteners, as shown in Eq. 10. The parameter t a is the fire resistance provided by the side wood with a thickness of a. In Eurocode 5, a charring rate 0.9 or 1.0 mm/min is recommended to calculate the extra fire resistance provided by wood-based panels or plywood panels attached to main members. However, for timber connections with concealed fasteners, the solid wood part a is a part of the mean member. It will not fall off during a test like wood-based panels. Therefore, a lower value of 0.7 mm/min, as close to the charring rate of solid timber might be suitable to be used to calculate the extra fire resistance provided by the additional wood with a thickness of a. However, further fire resistance tests are necessary to validate this assumption to use the additive method for timber connections with concealed fasteners. 
Intumescent Paint
Intumescent paint can be used to increase the fire resistance duration of steel members. When intumescent paint is heated, the material swells up into a significant thickness and chars. It acts as a thermal barrier and insulates the structural members beneath.
Fire resistance tests show that a SWS timber connection, with side steel plates and bolt heads/nuts protected with 2 mm thick intumescent paint, only increased the fire resistance by 7 min [9] . It was observed in the test that the displacement between the steel plate and the wood member during the fire test caused adhesion problem to the intumescent paint. The paint was therefore damaged at the edges of the steel plate, leaving the steel plate exposed to the fire at this area. For comparison, Lau [6] found that the improved fire resistance for bolted SWS connections and the nailed steel-wood-steel connections were about 9.9 min and 8.2 min, respectively. Frangi [25] stated that the protection of a 2 mm thick intumescent paint to steel side plates increased the fire resistance of nailed SWS connections by about 18 min.
Thus, using intumescent paint to protect steel plates may not be a good solution for timber connections with steel side plates, due to the adhesion problem of intumescent paint at the steel plate edges.
CONCLUSION
This paper first reviewed existing calculation models developed in prediction of the fire resistances of double-shear timber connections. Based on the existing fire resistance data generated in recent years, new correlations are presented for assessing the fire resistances of unprotected WWW, WSW and SWS connections using bolts or dowels as fasteners. Load ratio, wood member thickness and fastener diameter are taken into account in the correlations. Comparison with experimental results showed that the method could reasonably predict the fire resistances of WWW and WSW connections with an accuracy of about ± 15% and the method could predict the fire resistances of SWS connections with an accuracy of about ± 10%. In addition, the method can be modified by introducing safety factors to ensure the predictions are on the conservative side.
For timber connections with protective membranes, such as Type X gypsum boards and plywood panels, the additive method can be used by adding the additive fire resistances of protective membranes to the fire resistances of unprotected timber connections. The fire resistances of a single layer of 15.9 mm Type X gypsum board and a double layer of 12.7 mm plywood are about 30 min and 15 min, respectively.
With the calculation methods developed to predict the fire resistances of timber connections, recommendations can be made on how to design suitable timber connections in compliance with code requirements.
For unprotected timber connections, increasing the wood member thickness, diameter of fasteners and number of fasteners would be possible solutions to achieve code requirements. The diameter and number of fasteners do not have direct impact on the fire resistance of timber connections loaded at the same load ratio. However, by increasing the diameter or number of fasteners, the ambient load capacity of timber connections is actually increased, and therefore the load ratio is deceased. This lower load ratio results in an increase in the fire resistance. To achieve a better fire resistance, dowels are a good solution instead of bolts for the same wood member thickness, diameter and number of fasteners.
If appearance is not a factor, protective membranes can be used to increase the fire resistance of timber connections. The additive method can be used to calculate the fire resistance of protected timber connections. If appearance is a factor, fasteners can be concealed within wood members and wood plugs can be used to cover the fasteners. The additive method can also be used to calculate the fire resistances of concealed timber connections.
